Introduction
In late April 1986, a major explosion occurred at the Chernobyl nuclear reactor in what was then part of the USSR. The southerly wind at the time of the explosion transported and dispersed radioactive substances including 134 CS, 137 CS and 131 I from the hot radioactive plume mainly to the north of Europe, although reports of Chernobyl fallout have been made from a diversity of regions, including Iran (Marour et al., 1992) , Turkey (Akcay and Kesercioglu, 1990) , and as far away as Japan (Aii et al., 1990) . In northern Europe, the heavy rainfall which followed the explosion led to the removal of many radioactive materials from the atmosphere and their subsequent fallout on to terrestrial, aquatic and littoral ecosystems. The National Institute for Radiation Hygiene of Norway (1986) and Fry et al. (1986) reported correlations between ground level radioactivity and the quantity of local precipitation in survey regions. 137 Cs was found to have been the most abundant and harmful of the Chernobyl radionuclides detected in survey areas such as Central Finland (Myttenaere et al., 1993 , Pentilia et al., 1993 . The portable, hand-held, radiation contamination meter used in this study, which is described below in detail, measured total gamma-radioactivity, corrected to be above background. It cannot distinguish the chemical nature of the source isotope -nevertheless, in the context of this location and previous research, it is concluded that the principal gammaradioactivity source researched here was 137 Cs from the Chernobyl explosion as indicated by Myttenaere et al. (1993) , and Pentilia et al. (1993) , Pyatt (1987, 1988a and b) , Pyatt and Beaumont (1989 . This paper summarises changes that have been detected in gamma-radioactivity recorded by surveys in April 1989 to June 1994, at two adjacent shoreline habitats at Port Caol, on Borve Point on the exposed western Atlantic shoreline of Barra, which is located at the southern end of the Western Isles (Outer Hebrides) of Scotland (Figure 1 , UK National Grid Reference NL 647022). These shoreline habitats are the north-west facing intertidal zone of the rocky shore on Lewisian gneissose bedrocks; and the adjacent machair. Machair is a Gaelic word which describes a distinctive type of low-lying coastal dune and sand-sheet landscapes that occurs in the cool, wet and windy environment of the northern and western coasts of Scotland and Ireland (Angus, 1991; Angus and Elliott, 1992; Hudson, 1991; Mather and Ritchie, 1977; Pankhurst and Mullin, 1991; Ranwell, 1974 Ranwell, , 1977 Ranwell, , 1980 Ritchie, 1967 Ritchie, , 1976 Ritchie, , 1979 Robertson-Rintoul and Ritchie, 1990) . Typically these are characterised by calcareous sediments and constitute areas of notable ecological and cultural importance (Gilbertson and Kent in press; Gilbertson et al. in press) . The 1989 gamma radioactivity measurements from the Port Caol site on Barra were reported by Pyatt and Beaumont (1989) who concluded that there was both marked bioaccumulation of radionuclides by organisms, and distinctive patterns of accumulation through trophic levels in these intertidal and machair ecosystems.
Survey procedures
Samples were examined with a portable radiation contamination meter (Nuclear Enterprises Ltd., Model PCM 5/1) and a dual probe (model DP2R/4) which is essentially a hand-held scintillation counter. A shield was employed to ensure that mainly gammaradiation was monitored. All data were derived from three replicates in each case, and the results are presented in terms of counts per second above background. Values in terms of Becquerels cm-2 may be calculated by simple multiplication. The results are maintained here in the counts per second format to facilitate immediate comparison with earlier work in this geographical region (Pyatt 1988b ) and Pyatt and Beaumont (1989) . This paper examines the patterns of accumulation in gamma-radioactivity levels over the five year period in specific types of organisms, passage through trophic levels, and movement through the underlying substratum, the calcareous sands of the machair.
Results and discussion

Intertidal sites
The results are presented in Tables I and II. Where comparison is possible, these data point clearly to an almost universal overall improvement in terms of decreasing gamma counts in the organisms surveyed in 1994, in comparison with the situation detected in 1989.
In more detail, lichens at the base of many food chains have been noted by several workers to be effective bioaccumulators of the products of atomic radiation (Hanson, 1966; Woodwell and Gannutz, 1967) , including appreciable quantities of gamma radiation (Pyatt, 1988a) . Such observations were supported by the surveys of Nilontova and Aleksashenko (1992) who examined radioactivity levels in organisms close to the actual Chernobyl reactor and found enhanced gamma radioactivity values. In Romania, Bartok and Mocsy (1990) reported that the 137 Cs contents of lichens had increased eighteen-fold during the period 1965 to 1988. These new Hebridean data support these observations on the bioaccumulatory role of lichens. The lichens in the intertidal zone have elevated gamma counts (Table 1) . Large counts, in these shoreline zones, were also detected in other autotrophs -including the algae Pelvetia canaliculata and Fucus vesiculosus, q.v. Even so, these new data indicate that there has been a significant improvement in environmental quality reflected by the decreased gamma counts in these organisms. These reductions may be related to several factors including new growth of the thallus, loss of older portions of thallus by agencies including grazing pressure, and the decay of radionuclides such as 137 Cs. The highest value for lichens (5.2 c.p.s.) was recorded from Ramalina siliquosa which possesses a fruticose (bushy) thallus. Hence, the large surface area of this lichen had the potential to trap greater quantities of airborne radionuclides emanating from the Chernobyl explosion. On the other hand, the crustose lichen (Lecanora atra), which is more closely adpressed to the substratum and is also more slowly growing, produced lower counts (3.8 c.p.s.). The foliose lichen Xanthoria sp., which is intermediate in growth form between crustose and fruticose lichens in the capacity of its large surface area thallus to intercept airborne pollutants, also displayed intermediate gamma-radioactivity counts (4.8 c.p.s.). Overall, the gamma-radioactivity counts produced by lichens have decreased by approximately 30 per cent between 1989 and 1994.
Various properties in the gamma-radioactivity counts noted from lichens in the 1989 survey have continued to be evidenced in 1994, for example, the microgeographical related variability in the counts from the crustose lichen Verrucaria maura. A 
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The location of Chernobyl and the study area at Port Caol on western Barra
[ 56 ] decreased count was again noted in thalli on the lower parts of the intertidal zone (3.2 c.p.s.) compared to those thalli exposed on higher shoreline sites (4.5 c.p.s.). The thalli located lower on the shore, appear, by virtue of their more frequent inundation by the sea, to have been relatively protected from the Chernobyl radionuclides during the 1986 precipitation.
The gamma-radioactivity counts obtained from the brown algae listed in Table 1 also illustrate a recovery with a marked diminution in gamma values. The results obtained from Fucus vesiculosus and Pelvetia canaliculata remain comparatively high, but only in those thalli which were anchored in rock crevices located higher on the shore. A possible explanation is that the Chernobyl-polluted rain might have become preferentially concentrated and trapped against the algal thalli in these crevices for a significant part of the tidal cycle.
It cannot be proved in this field study that all the radioactivity detected in this survey has resulted from the Chernobyl explosion; other sources may have also contributed to the gamma-counts recorded. However, the gamma-radioactivity values of the deeper water algae (e.g. Laminaria) and lower shore lichens (e.g Verrucaria maura) are of Sediment types Exposed in upper part of intertidal zone Surface of c. 4000 year old peat 2.1 1.5 Peat at 12 cms depth 0.6 0.6 Modern intertidal shell sand splash zone 1.6 1.6 Note: These counts are derived from three replicates in each case and represent counts per second above background levels.
[ 57 ] Table 1 demonstrates that these organisms, which would have been both the most protected from Chernobyl fallout and are also the most exposed to possible seawater-borne radionuclide contamination, had very low gamma-counts.
The relative intensities of contamination and the overall pattern of gamma-counts for the consumers in the intertidal habitat observed in 1989 has also continued to 1994, but again there has been an overall reduction in the counts. Heterotrophs are shown to possess notably higher counts than the autotrophs they consume. The range of counts in higher trophic levels observed has also continued. The data obtained from specimens of the intertidal limpet Patella vulgata indicate that there is a localised enhancement of radioactive products within the shell matrix, as opposed to the soft tissues. Overall, these data match those from a broadly similar site in an intertidal area in North Wales which displays similar patterns of accumulation through trophic levels (Pyatt and Beaumont, 1990) .
The raised Ievels of gamma-radioactivity in the heterotrophs compared to autotrophs have been explained in terms of bioaccumulation through trophic levels by Pyatt (1988b) and Pyatt and Beaumont (1989 .
A comparison of the gamma-counts from the surface and near-surface of a four thousand year old freshwater peat exposed in the intertidal zone suggests a relatively low level of contamination by radionuclides. There appears to have been limited infiltration of radionuclides to depth. The reduction in surface levels are presumably being achieved by daily washing during the tidal cycle. The gamma counts from shell sand in the splash zone appear not to have changed during the study period. They are, however, notably lower than the gamma counts produced by the shell of live limpets. The antiquity and origins of shell sand in these areas is unknown.
Machair sites
The machair at this site is grazed by sheep and cattle and may be overtopped by the sea at the times of the highest storms. The local vegetation is typical of local machair (Gilbertson and Kent in (press); Pyatt and Beaumont, 1989) and included Ammophila arenaria, Armeria maritima, Festuca rubra, Festuca ovina, Agrostis tenuis, Bellis perennis, Plantago spp., Leontodon spp., Hieracium spp., Collema spp., Cladonia spp., Peltigera spp., and Brachythecium spp. The gamma-counts for this habitat are shown in Tables I and II . There is clear evidence of a reduction in counts from 1989 to 1994. In Ammophila arenaria the gamma-counts had decreased from 2.6 c.p.s. in 1989 to 1.2 c.p.s in 1994; hence recovery is apparent with the development of new foliage. The higher value of 3.3 c.p.s. obtained from the old root and shoot bases of Ammophila probably reflects processes of translocation of radionuclides to older tissue and an active accumulation in the older roots. The other comparatively high value which occurred in the lichen Peltigera (3.0 c.p.s. in 1994) again indicates the well-developed ability of some lichens to bioaccumulate pollutants.
The accumulation of gamma-radioactivity in the various tissues of sheep and cattle was well defined in 1989 ( Table I ). At that time the results for recently dead sheep were -scapula 8.6 c.p.s. and faeces 3.4 c.p.s. These sheep scapula data were notably lower than those obtained by Pyatt (1988b) one year earlier, further north in the Western Isles on the islands of Benbecula and South Uist (Figure  1) , and all these data are markedly lower than the readings obtained in Western Norway, only 15 months after the Chernobyl explosion (Pyatt, 1988a) . The 1994 data presented here point to a recovery. It is hence apparent that the herbivores are still losing radionuclides through their faeces. This outcome is likely to continue. The body burden will decrease as a result of this process and also as the quantity of radionuclides ingested with food declines through time. The relatively high values in the bones indicates that 1ocalised accumulation has occurred in the skeletal system of these herbivores. The movement of radionuclides through the medium-coarse, well-sorted, calcareous sandy soils of the terrestrial sandy machair are indicated in Table II . There is clear evidence of a downward movement through the machair in the peak gammaradioactivity readings, a process facilitated by the high porosity of these sands. In 1989, the highest counts were detected in the upper part of the profile. The overall pattern found was similar to that observed by Pyatt (1988a) in podsols in upland Western Norway, where a marked reduction in gamma-counts with increasing depth was found. By 1994 on Barra, the pattern has clearly changed. The counts have diminished in magnitude, and the peak values have migrated downwards to a depth of 30-50 cms.
Conclusions
It is apparent from this investigation that during the five-year period from 1989 to 1994 the gamma counts have diminished in both the heterotrophs and autotrophs in an intertidal/shoreline site on the western coast of the Isle of Barra, Western Isles. Recovery is proceeding as a result of the growth of fresh vegetation, excretion by herbivores of ingested radionuclides, the downward movement of pollutants from the pedosphere, and the decay of 137 Cs. Lichens are again indicated to have been important bioaccumulators of gamma radioactivity and accumulation through trophic levels to herbivores (e.g. sheep) is apparent. Through time, sheep and cattle appear to be ingesting a diminishing load of pollutants. These new data indicate both an accumulation in the skeletal system, and the loss of radionuclides in faeces. The values in the lamb scapula at 1.8 c.p.s., as compared with the sheep scapula (3.9 c.p.s.) further indicate that an improvement is occurring. A clear improvement in environmental quality, over the period [1989] [1990] [1991] [1992] [1993] [1994] , is suggested by this study.
